The energy-dependent adsorption of radioiodinated rickettsiae to sheep erythrocytes was demonstrated. The iodination procedure, however, decreased the hemolytic activity of the rickettsiae. No desorption of rickettsiae from isolated rickettsia-erythrocyte complexes (prevented from lysing by NaF) could be measured. On the other hand, rickettsiae desorbed from this complex during or after lysis and readsorbed and lysed other erythrocytes. Thus, the usual hemolytic assay measures multiple rounds of adsorption and lysis. Although lysis of the rickettsia-erythrocyte complex was insensitive to anti-rickettsial rabbit serum, adsorption and readsorption were completely inhibited by such antiserum. Hemagglutination of erythrocytes by rickettsiae was observed (in the presence of NaF to prevent lysis) and was sensitive to the same inhibitors as adsorption.
Bacterial cell envelope interaction with eucaryotic cell membrane is a cardinal feature of any mechanism of bacterial invasiveness and host defense. Rickettsia prowazeki, an obligate intracellular parasite with a morphologically typical gram-negative cell envelope (3, 4, 7) , is an excellent (although specialized) model for such studies because of the extraordinary evolutionary pressures on this organism to perfect its interaction with its host.
Lysis of an erythrocyte by a rickettsia is a complex interaction involving adsorptive and lytic steps that can be experimentally distinguished (8, 9) . Such a model system has many of the properties involved in initiation of parasitism of a host cell, and its simplicity is a definite experimental advantage. We now know that adsorption is not passive but is dependent upon the energy of the rickettsiae, most likely a protonmotive force (9, 12) . Cholesterol is a key part of the receptor on the erythrocyte (10) . Rickettsiae are able to adsorb to erythrocyte ghosts and to both inside-out and right-side-out vesicles derived from ghosts (14) . Rickettsiaerythrocyte complexes can be prepared based on the fact that lysis but not adsorption is inhibited by fluoride ions (9) .
In the present study I investigated the following questions. (i) Can adsorption of radioiodinated rickettsiae to erythrocytes be measured directly? (ii) Is there a measurable desorption of rickettsiae from the erythrocyte in the absence of lysis? (iii) In the presence of NaF to prevent lysis, can a rickettsia interact with more than one erythrocyte so as to effect cross-bridging of erythrocytes and resultant hemagglutination?
(iv) Is an adsorbed rickettsia able to dissociate from the erythrocyte after ( (8) . The supernatant fluid (unadsorbed rickettsiae) was then assayed for rickettsial hemolytic activity by using additional erythrocytes. Rickettsia-erythrocyte complexes were prepared by washing the sedimented fraction.
Labeling of rickettsiae. To prepare 'nI-labeled rickettsiae, the organisms were suspended in 1 Antiserum. Rabbits were injected intradermally at multiple sites with rickettsiae (1 mg of protein) sonically oscillated with complete Freund adjuvant. They were subcutaneously boosted weekly for 3 weeks with rickettsiae (1 mg of protein) sonically oscillated with incomplete Freund adjuvant. The serum from three rabbits was pooled, heat inactivated at 56°C for 1 h, and stored at -20°C. The serum was tested for antihemolytic activity by incubating serial dilutions of serum (0.1 ml) with 0.1 ml of rickettsiae (about 0.2 mg of protein per ml) for 10 min at 40C, adding 0.4 ml of sheep erythrocytes (25%), and determining hemolysis after incubation at 340C for 1 h.
Inhibition was complete at a 1:20 dilution. Proteins were determined by the method of Lowry et al. (6) .
RESULTS
Adsorption of radioiodinated rickettsiae. Table 1 shows the results of experiments in which the adsorption of 125I-labeled rickettsiae was monitored either indirectly by measuring hemolytic activity remaining in the supernatant fluid after sedimenting the '25I-labeled rickettsia-erythrocyte complexes or directly by counting the unadsorbed radioactivity in the supernatant fluid after sedimentation of complexes. Although adsorption could be readily demonstrated by either method, both methods yielded values lower than routinely obtained with untreated rickettsiae (in which adsorption was greater than 90% [8] ). This indicated that the iodination process had impaired the ability of the rickettsiae to adsorb. In addition, the total hemolytic activity of the rickettsiae was always decreased 50 to 70% by iodination. The addition of NaF to the incubation did not inhibit adsorption, whereas KCN almost completely abolished it. The effect of KCN could not be examined by the hemolytic assay because the KCN-treated rickettsiae were unable to lyse erythrocytes in the second incubation. However, as previously described, adenosine 5'-triphosphate was able to restore the ability of KCN-poisoned rickettsiae to adsorb to and lyse erythrocytes (12) .
The time of incubation was varied to further characterize the impaired ability of the iodinated rickettsiae to adsorb to erythrocytes (Fig.  1) . Panels A and B show adsorption measured by radioactivity and residual hemolytic activity, respectively. Both assays confirmed that at 00C the rickettsiae did not adsorb (8, 9) . At 00C (Fig.   1B) , adsorption in the presence of fluoride appeared greater than in its absence because after dilution some inhibitor remained in the second incubation. In the presence of NaF at 340C
(where adsorption could occur without lysis ensuing [9] ), almost complete adsorption occurred in the hemolytic assay but not in the isotopic At later times much fewer rickettsiae were associated with the pelleted complex in the absence of NaF; thus, the adsorptive capacity of the rickettsiae was underestimated. This presumably resulted from the loss of rickettsia-erythrocyte complexes through lysis when NaF was absent.
To further characterize dissociation of rickettsiae, the 15I-labeled rickettsia-erythrocyte complexes were prepared and incubated in the absence of free rickettsiae (Table 2 ). In the absence of NaF, hemolysis occurred and rickettsiae rapidly appeared in the supernatant fluid. However, when the erythrocytes were prevented from lysing by the continued presence of NaF, rickettsiae did not desorb from the complexes. Lytic dissociation of rickettsiae from complexes. The dissociation of rickettsiae from lysed rickettsia-erythrocyte complexes shown in Table 2 suggested that multiple rounds of adsorption and lysis might occur. The number of rounds would be limited by the instability of rickettsiae and by the accumulation of a sink of erythrocyte fragments or ghosts that adsorbed rickettsiae but could not release them (14) . To investigate this possibility, rickettsiaerythrocyte complexes were formed in the presence of fluoride to prevent lysis. Native (not iodinated) rickettsiae were used because of the diminished adsorptive and lytic capacities of the labeled rickettsiae. The complexes were washed free from NaF and nonadsorbed rickettsiae at 40C. The complexes were then incubated at 340C with or without the addition of a twofold excess (relative to the unlabeled erythrocytes) of 5lCr-labeled erythrocytes. Hemolysis of the total mixture was measured by absorbance at 545 nm (A545). The secondary rounds of hemolysis were measured by the release of radioactive hemoglobin from the 51Cr-labeled erythrocytes.
Hemolysis occurring in the original unlabeled erythrocytes and rickettsia-erythrocyte complexes was determined by the difference in total A545 and the calculated A545 contributed by the 51Cr-labeled hemoglobin released (Fig. 2) . Lysis of the original unlabeled erythrocytes in the presence of 5'Cr-labeled erythrocytes (curve c, This phenomenon was further elucidated by using rabbit anti-rickettsiae hyperimmune serum. This antiserum when added initially to a hemolytic mixture of rickettsiae and erythrocytes inhibited hemolysis by more than 90%. Phase-contrast microscopy demonstrated agglutination of rickettsiae. However, when the antiserum was added to such a hemolytic mixture, not initially, but after 30 min (or to rickettsiaerythrocyte complexes), there was much less inhibition. There was little inhibition of lysis of the original unlabeled complexes due to antiserum (Fig. 3, curves b and c) . Effect of antiserum on primnary and secondary rounds of hemolysis. Protocol was similar to that for Fig. 2 , except aU the ceU incubations were at 34°C and antiserum (1/10 volume) was added to the washed complexes, where indicated, before the final incubation. Curves a (0) and e (A) were calculated from an incubation in which 5ICr-labeled erythrocytes but no antiserum was added; curves d (-) and f (5) were calculated from one in which both 51Cr-labeled erythrocytes and antiserum were added; curve c (V) was calculated from one in which antiserum but no 51Cr-labeled erythrocytes were added; and curve b (0) was calculated from one in which neither was added. Thus, curves a and f represent lysis of the 51Cr-labeled erythrocytes, and curves b, c, d, and e represent lysis of the original unlabeled erythrocyte in the presence of the indicated additions. The conversion factor in this experiment was 31,500 cpm/A545 unit for generation of the curves as described in the text. without added antiserum. These two curves were almost identical to each other and to curve c, in which antiserum but no 5'Cr-labeled erythrocytes was added. As shown by a comparison of the lysis of 5'Cr-labeled erythrocytes with and without antiserum (curves a and f), the secondary rounds of lysis (those that occurred in the 5'Cr-labeled erythrocytes) were completely inhibited by the antiserum. These data indicate that the preformed complexes could lyse and that antiserum had no effect on this process. However, the secondary rounds were completely inhibited, presumably by agglutination of the dissociated rickettsiae before they readsorbed.
Hemagglutination of sheep erythrocytes. Although lysis of erythrocytes by typhus rickettsiae has been known for many years (5, 11) and adsorption of rickettsiae to erythrocytes has been extensively studied in this laboratory (8, 10, 12, 14) , agglutination of erythrocytes by typhus rickettsiae has never been reported. Since irreversible adsorption of rickettsiae to erythrocytes is not a passive process but, rather, one that requires metabolic activity of the rickettsiae, by analogy, hemagglutination would also require metabolic energy. To observe hemagglutination, erythrocyte lysis must be prevented. This can be accomplished by adding NaF, which prevents lysis without affecting adsorption (respiratory inhibitors or low temperature would inhibit both lysis and adsorption). Figure 4 demonstrates agglutination of erythrocytes by R. prowazeki. The process was inhibited by cyanide (1 mM), 2,4-dinitrophenol (1 mM), and N-ethylmaleimide (1 mM). The detection of hemagglutination required large quantities of rickettsiae, quantities that, in the absence of fluoride, could have lysed many times over, the amount of erythrocytes agglutinated. Artifacts (false positive) arose from the settling of the rickettsiae, which obscured the erythrocyte pellet when even larger quantities of rickettsiae were used. Decreasing the amount of erythrocytes to almost the limit of detection only slightly increased the sensitivity with respect to rickettsiae concentrations, so that under no conditions has this phenomenon been a practical assay adsorbed, the rickettsiae have a very low probability of desorbing and readsorbing onto another erythrocyte without lysis taking place. Since these studies had to be done in the presence of NaF, it was possible that NaF could have prevented not only lysis, but also desorption. However, previous studies with ghosts, which could not be lysed even in the absence of NaF, showed that once rickettsiae were attached they would not desorb and lyse added erythrocytes, despite the fact that the erythrocytes adsorbed rickettsiae better than ghosts (14) . On the other hand, rickettsiae do dissociate from erythrocytes either during or after lysis. It is not known whether the rickettsia separates completely from the lysed erythrocyte. It may retain a small patch (the receptor) of the erythrocyte membrane still attached to its adsorptive site. These dissociated rickettsiae are capable of adsorbing to and lysing other erythrocytes. Thus, the hemolytic assay as usually done does not measure a single-step process but the result of multiple rounds of lysis. However, complete lysis of erythrocyte populations is not usually seen, since a large excess of erythrocytes is used and the number of cycles is limited by the lability of the rickettsiae and the creation of nonlysable sinks for rickettsiae, namely, the ghosts formed during lysis.
The use of anti-rickettsial serum allows the distinction of the primary and secondary rounds of lysis. The antibody has no effect on lysis of the prefonned rickettsia-erythrocyte complex but agglutinates free rickettsiae and prevents their adsorption or readsorption.
Iodination of rickettsiae to label them for physiological experiments seems ill advised. With the very gentle lactoperoxidase-glucose oxidase technique (or harsher procedures), about 50% of the hemolytic activity was lost.
Moreover, the fractions that remained hemolytically active were not native in that their rate of adsorption was markedly inhibited.
